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In relaxor ferroelectrics, the dielectric maximum (T max ) and the amplitude of dielectric permittivity depend on frequency at temperatures near and below T max . Despite the lack of complete explanation for the relaxor behavior, it has been fairly well established that the compositional disorder in the crystals produced local polar clusters, or nanodomains, at temperatures much higher than T max , which serve as nuclei and may coarsen with decreasing temperature. [1] [2] [3] [4] These microclusters are dispersed as islands in the host lattice structure and result in short-range correlated ionic displacements. Normal ferroelectric with long-range order ͑LRO͒ cannot be developed in relaxors under natural conditions so that the application of an electric field is necessary to transform the relaxor into the LRO ferroelectric phase. In the study of dielectric properties of the relaxors, the disappearance of the frequency dispersion is generally recognized as the indication of the appearance of LRO. [5] [6] [7] Pb͑Zn 1/3 Nb 2/3 )O 3 -PbTiO 3 ͑PZN-PT͒ crystals have generated interest in recent years because of their excellent dielectric and piezoelectric properties in the domain engineered state, which has great potential for advances in transducer/actuator technology. 8, 9 PZN is a relaxor ferroelectric material with a disordered perovskite structure in which the Zn 2ϩ and Nb 5ϩ ions exhibit short-range ordering ͑SRO͒ on the B site. PT, on the other hand, is a normal ferroelectric with LRO and can form a complete solid solution with PZN. There is a morphotropic phase boundary between the tetragonal and rhombohedral phase near 9% PT composition. For composition Ͼ9% PT, the solid solution system behaves as a normal ferroelectric, while some degree of relaxor behavior persists if the PT content is Ͻ9%.
A lot of work has been carried out to study the electricfield-induced phase transitions in PZN-PT crystals along ͓001͔ of the cubic coordinates to make superpiezoelectric materials. 10 However, understanding the electrical-fieldinduced dielectric anomalies in C-oriented relaxor PZN-PT crystals, or ͓111͔-oriented in terms of the cubic coordinates, has not received much attention. In this letter, we report such an investigation.
The PZN-4.5% PT single crystal used for this study has rhombohedral 3m symmetry. By applying a moderate dc electric field along the dipolar direction, or the C direction, the dielectric constant and loss show several anomalies. We found that the SRO-to-LRO transition experiences an intermediate phase, in which relaxor behavior is much weaker and reduced polarization still exists in this temperature range. We propose that a medium-range order ͑MRO͒ occurred in this temperature region, which is clearly marked by two critical temperatures showing dielectric and loss anomalies.
The C-oriented PZN-4.5% PT sample crystal used in our experiments was 0.7 mm in thickness with a surface size of 3ϫ4 mm 2 . The surface was polished and electroded with gold. The dielectric response was measured as a function of temperature, frequency, and dc electrical bias field. Computer-assisted dielectric measurements using a HP 4284 LRC meter were made in the temperature range of 30-250°C on heating and cooling at a rate of 2°C/min using a Delta 9023 oven. In order to protect the LRC meter, a blocking circuit was used when a high dc bias field was applied.
The properties of relaxors are dependent on electrical and thermal histories below T max . In our investigations, we have conducted the experiments using four different schemes to change the temperature and electric field: ͑1͒ zero-field cooling ͑ZFC͒, ͑2͒ field cooling ͑FC͒, ͑3͒ zero-field heating after FC ͑ZFH-FC͒, and field heating after ZFC ͑FH-ZFC͒. The dc bias electrical fields used in FC and FH-ZFC are both 0.65 kV/cm. Figures 1͑a͒-1͑d͒ show the dielectric constant and loss behaviors as functions of temperature under the four electrical-field application schemes, respectively. As the sample is cooled without the application of an electrical field, the C-oriented PZN-4.5% PT crystal showed typical relaxor-type ferroelectric phase transition, as presented in Fig. 1͑a͒ . The maximum value of the dielectric constant lowered from ϳ51 000 to ϳ44 000 and the T max increased from 151°C to 158°C when the frequency of the measurement was changed from 100 Hz to 100 kHz. Below T max , frequency dispersion of the dielectric properties is evident. The results are consistent with those reported for relaxor PZN-PT crystals.
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Because the dipoles of the PZN-4.5% PT crystal form along the body diagonals of the parent cubic perovskite unit cell, the crystal structure of PZN-4.5% PT has a rhombohedral symmetry with the symmetry group 3m in the ferroelectric state. Thus, unlike the case of poling in ͓001͔ of cubic coordinates, applying a dc electric field along the C direction ͑or ͓111͔ in cubic coordinates͒ will not result in any additional structural phase transition below T max , but may increase the transition temperature for the cubic-torhombohedral transition.
From Fig. 1͑b͒ , one can see two main critical temperatures in the dielectric constant and loss versus temperature curves below T max . The higher-temperature peak occurs at T c1 ϳ143°C which is superimposed on the broad background of the dielectric maximum. Below T c1 , the degree of dielectric frequency dispersion decreases abruptly ͑but does not totally disappear͒. While the lower-temperature anomaly at T c2 ϳ106°C indicates a different type of transition below which the frequency dispersion of the dielectric properties disappears. This is an indication of a ferroelectric phase with LRO. The LRO persists with further cooling and the sample is found totally poled at room temperature. A subsequent heating of the sample without the electrical field applied ͑ZFH-FC͒ does not destroy the LRO until the temperature is near T c2 , as shown in Fig. 1͑c͒ . We propose that the transition at T c2 is from a LRO ferroelectric phase to a phase consisting of medium-size clusters of dipoles. Since the microclusters in relaxors are usually a few nanometers in size, the size of the medium range may be on the order of tens of nanometers.
If we start with an unpoled sample, the frequency dispersion near T max is obvious, which means that the crystal has relaxor characteristics. During field heating of the unpoled sample under an electrical field of 0.65 kV/cm, frequency dispersion is visible at the beginning, as presented in Fig. 1͑d͒ . Then, a small bump appeared at T c3 ϳ88°C, above which dielectric dispersion disappeared, indicating the formation of LRO. With a further increase in temperature under the same dc bias field, the LRO is again broken at T c2 . It is found that, unlike T c1 and T c2 , T c3 is very sensitive to the magnitude of the applied electrical field. It decreases quickly as the applied electrical field increases. 12 From Fig. 1 , we can also see that T c1 is nearly the same for all three cases, but T c2 is different. For FC, ZFH-FC, and FH-ZFC, T c2 is 106°C, 113°C, and 117°C, respectively. The dielectric anomaly at T c3 only appeared in the case of FH-ZFC.
Under a dc bias along the dipolar direction, three dielectric anomalies can be found in the PZN-4.5% PT single crystals during FH-ZFC. When the crystal is cooled without an external electrical field above T max , polar clusters with SRO form and persist down to room temperature, which is characterized by the frequency dispersion of the dielectric properties. Upon heating the sample under a dc bias field, the tendency to form LRO increases so that the frequency dispersion will be reduced. At a particular temperature, T c3 , LRO appears so that the system shows typical ferroelectric behavior beyond T c3 . In other words, the polar cluster state has been transformed into a LRO ferroelectric phase induced by the external field. Since disorder increases with temperature, at a higher temperature T c2 , the system will overcome the field enforcement in LRO to become a clustering state, again. But the cluster size is not as small as those of the SRO state, therefore, we call it the MRO state. The MRO state has characteristics of both LRO and SRO, i.e., having a finite spontaneous polarization and also a strong frequency dispersion. This MRO state will persist until T c1 , then, will be then broken down into SRO. Although SRO may persist beyond T max , the polarization will disappear since these SRO microclusters will no longer have a coherent arrangement to allow global polarization. The LRO-to-MRO transition is quite similar to the socalled macrodomain-to-microdomain transition in relaxor ferroelectric ceramics, which is also shown as a dielectric peak or shoulder during ZFH of the poled relaxor Pb͑Mg 1/3 Nb 2/3 )O 3 (PMN͒-PT and PZN crystals. 13, 14 The T c2 observed in our experiments is very close to the critical temperature below which macrodomains had been observed in PZN crystals.
14 One interesting fact here is that the degree of dielectric frequency dispersion below T c1 is significantly less than that above T c1 . This indicates that the cluster size is larger in the MRO state than that of the conventional SRO clusters as in typical relaxor systems. The sharp anomaly of the dielectric constant at T c1 indicates that the cluster size reduction did not happen gradually; instead, a phase transition from the MRO state to SRO state had occurred. Figure 2 shows the remnant polarization as a function of temperature, which was taken from the saturated hysteresis loops at different temperatures. At room temperature, the remnant polarization has a value of 44 C/cm 2 and decreases with temperature. There are two abrupt drops in the polarization temperature curve, one near 113°C (T c2 ) and the other near 143°C (T c1 ). The former signifies the transition from the LRO state to MRO state, while the latter represents the transition from the MRO to the SRO state. In the MRO state, the breakdown of LRO produced relatively large clusters which still allow the presence of global polarization, although the amplitude of the polarization is smaller than that in the LRO state. With a further increase of temperature, the size of the clusters does not seem to change much until near the transition temperature T c1 so that the polarization shows a much slower decrease in this temperature region. The next drastic reduction of the polarization occurs around 143°C, which corresponds to the transition from the MRO to the SRO state, or the total breakdown of coherency among these microregions. Note that in C-oriented pure PZN crystals, T c1 is not observed.
14 The second steplike anomaly on the remnant polarization-temperature curve is also not present in pure PMN crystals. 15 Therefore, the presence of the MRO is closely related to the long-range nature of PT in the solid solution system, which provides a competing force against the relaxor nature of PZN.
In summary, we have applied a moderate dc bias electrical field along the dipolar direction of a C-oriented PZN-4.5% PT rhombohedral crystal and studied the variations of the dielectric constant and loss versus temperature. There are three anomalies observed in addition to the T max : one small bump and two sharp changes of dielectric constant with corresponding loss peaks. These three anomalies can be explained by the appearance of a MRO phase in between the LRO and SRO states. The changes between different ordered states are not continuous, but rather drastic, as indicated by the dielectric anomalies. The MRO phase shows reduced polarization and also less dispersion than the nanosize dipolar clusters in the SRO state of conventional relaxor systems. It can still maintain moderate correlations among the dipolar clusters and, hence, has a strong dispersion as well as polarization. Experimental measurement on the spontaneous polarization versus temperature provided further evidence in support of this interpretation. 
